The hybrid carbon nanostructures composed of an array of vertically aligned carbon nanotubes (CNTs) and a self-organised planar graphene multi-layer (PGL) located at the top of the array (CNT-PGL nanostructures) have been obtained by the floating catalyst CVD method. The growth mechanism of CNT-PGL nanostructures is analysed. The fundamental characteristics (morphology, elemental composition and structure) of these nanostructures were characterised by Scanning and Transmission Electron Microscopy, Atomic Force Microscopy, Energy-Dispersive X-ray (EDX), Auger and Raman spectroscopy. It has been established that PGL grows by the typical epitaxial growth of multi-layer films and CNTs grow Self-organised hybrid nanostructures composed of the array 231 simultaneously both via root-growth mechanism (attached to the substrate) and tip-growth mechanism (attached to the planar layer). This planar layer is a layered-graphitic structure 'graphene multi-layer' and is connected with CNTs through the catalyst nanoparticles. It consists of disordered graphitic flakes with a size of several tens of nanometres randomly oriented and overlapping one another. These flakes have a crystallite grain of about 5.2 nm in size.
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Introduction
Among various processes of functional nanomaterials and nanodevices creation, the self-organisation and self-assembling processes are playing fundamental role. One example of such processes is the synthesis of hybrid nanostructures on the basis of different allotropes of carbon, such as the so-called 'peapods' [1] , which are carbon nanotubes (CNTs) filled with fullerenes.
At the nanoscale, mainly two carbon allotropes, carbon nanotubes and graphene, have attracted enormous interest from researchers since being discovered. Since both materials possess unique electrical, mechanical, thermal properties but different dimensionality, there are prospects of deriving benefits from CNT-graphene hybrids. The latest obtained hybrid nanostructures based on these two allotropes of carbon are nanostructures composed of an array of vertically aligned CNTs and a planar graphene multi-layer (PGL) located at the top of the CNT array (CNT-PGL nanostructure). One-level [2] [3] [4] and multi-level nanostructures (designated as CNT-PGL nanostacks) [5, 6] have been created. Such structures possess a number of new specific properties and open a way to the creation of essentially new functional devices in the area of nanoelectronics, nanophotonics and nanoelectromechanics. For example, as it was predicted theoretically, the CNT-PGL nanostacks when doped with lithium cations can be efficient structures for hydrogen storage [7] , and these nanostructures are considered as a novel material with tailored multidimensional thermal transport characteristics [8] . First practical realisation of CNT-PGL nanostacks was used as efficient electrodes in supercapacitors [6] . Despite the attractiveness of CNT-PGL nanostacks for the supercapacitors application, the proposed method of the nanostructures fabrication is extremely complicated. In order to produce such CNT-PGL nanostacks, exfoliated graphene oxide flakes were reduced to graphene after the adhesion of catalyst particles for the growth of CNTs. In other cases, one-level [2] [3] [4] , as well as multi-level nanostructures [5] , was synthesised by the CVD method with the localised [2] or floating [3] [4] [5] catalyst. However, so far, only the general description of the creation process of CNT-PGL nanostructures and their characteristics are presented. The deeper investigation into the structure of CNT-PGL junction is challenging, especially in the development of the growth mechanism.
Present work is devoted to the development of the growth mechanism of CNT-PGL nanostructures, the choice of proper method of CNT-PGL nanostructures synthesis based on this mechanism, and the fundamental characteristics (morphology, elemental composition and structure) of the CNT-PGL nanostructures realised by the most simple and low cost, single-step CVD method with the floating catalyst at ambient conditions. The simplest case, one-level CNT-PGL nanostructure, will be discussed here.
Mechanism
The attempt to realise the mechanism of one-level CNT-PGL nanostructures growth was mainly based on the mechanism of CNTs growth [3] . According to the analysis, at the first stage, ferrocene decomposes at high temperature. As a result, Fe atoms deposit onto the Si substrate, forming a layer of Fe catalyst nanoclusters. Then, these nanoclusters accelerate the decomposition of hydrocarbons in the feeding solution and dissolve the carbon atoms, forming fluid-like Fe carbide. At the third stage, Fe carbide decomposes, due to its metastable characteristic, by segregating part of the dissolved carbon atoms, which diffuse to the catalyst surface and carbon extrusion starts (diffusion through the catalyst controlled process).
The most important stage in the CNTs growth, which can explain the CNT-PGL nanostructures creation, is stage four. There are several different interpretations on this stage. Jost et al. [9] and Yasuda et al. [10] think that the carbon extrusion leads to the fullerene semi-sphere formation which acts as a nucleus for the CNT growth. However, Stadermann et al. [12] believe that extrusion of carbon leads to the direct growth of CNTs on the catalyst surface. Esconjauregui et al. [13] declared that islands of graphene formed at the catalyst surface as a result of carbon extrusion, and this process continued until all the surface of the carbide nanocluster was covered with a two dimensional graphene nucleus. It is a 2D building material for carbon materials of all other dimensionalities. It can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or stacked into 3D graphite or soot [14] . A very important aspect of CNT growth is considered by Stadermann et al. [12] that under certain condition on the catalyst surface carbon atoms can form amorphous graphite patches which can grow up and fully cover its surface (graphitisation process), and will lead to the deactivation of catalyst and termination of CNT growth.
In our view, the prevalence of these processes (graphene growth or graphitisation) depends on the rate of carbon supply to the catalyst surface. In the case of low carbon supply rate, lower than the rate of its diffusion (outflow) through the carbon, extrusion products have enough time to form one of the allotropes of carbon (in our consideration, graphene). If the rate of carbon supply exceeds the rate of its diffusion through the catalyst , graphitisation process will take place. Now let's consider the mechanism of CNT-PGL nanostructures growth. In our view, after the graphene layer forms on the catalyst surface, the growth of PGL and CNT array starts simultaneously. At the upper surface of the catalyst, which is in direct contact with the feeding solution, graphene layer becomes the origin of PGL formation and at the interface between catalyst and substrate it transforms into CNTs.
PGL is growing by a typical epitaxial growth of multi-layer films produced by CVD, thermal evaporation, sputtering etc., which proceeds by the buildup of a fresh layer being deposited at the previous top layer [15] . In this case the PGL thickness is growing with time. The peculiarity of the epitaxial growth under the floating CVD method is that catalyst should be deposited on to the surface of each graphene layer, what can cause the roughness of the surface of PGL.
During the PGL growth, CNT growth can happen simultaneously at the interface between catalyst particles and PGL and the interface between catalyst particles and the substrate by the traditional tip-and root-growth mechanism [11] . The intermediate situation may exist when CNTs grow from both sides of the catalyst nanocluster simultaneously 'root and tip growth' mechanism [3] .
CNT growth in such a way can happen only if carbon atoms from the gas-phase diffuse through the growing PGL. It means that this process is controlled by the diffusion of the carbon atoms through the PGL to the catalyst. This condition may require lower carbon supply rate for CNT-PGL nanostructures formation. The rate of carbon supply to the surface of catalyst depends, first of all, on the rate of feeding solution injection. With low injection rate, the carbon concentration and the rate of carbon supply to the catalyst surface will be low. The dense flow of the gas-carrier will additionally diminish carbon concentration. The carbon supply is also determined by the temperature. High temperature will accelerate the decomposition of hydrocarbon, and leads to a high carbon concentration. On the other hand, at high temperature, carbon atoms will diffuse through the catalyst and CNT layer fast. By regulating the parameters mentioned above one may create conditions for the CNT-PGL nanostructures' growth at the catalyst nanoclusters.
Taking all these into account, the parameters of our CVD process were chosen. Main of them are low injection rate, the dense flow of the gas-carrier, moderate temperatures and long duration of the synthesis process in order to obtain significant thickness of nanostructures.
Experiment
A feeding solution of ferrocene in xylene was used in the CVD process and it was injected into the reaction zone of the tubular silica reactor. Argon was used as gas-carrier at a constant flow of 100 cm 3 min -1 through the reactor. The synthesis process was carried out at a temperature of 850°C for 60 min under atmospheric pressure with 1.0 wt% feeding solution. Wafers (5 × 5 mm 2 ) of n-type silicon coated with SiO 2 were used as substrates.
The obtained nanostructures were characterised by Scanning Electron Microscopy (SEM, Hitachi S4800), Transmission Electron Microscopy (TEM, Jeol JEM-2010), Atomic Force Microscopy (AFM, Veeco Nanoscope-3D). For Raman measurements, Renishaw micro-Raman Spectrometer (Series 1000) with laser beam of 1.5 mW incident power and 514 nm wavelength was used. Auger analysis was performed using Perkin Elmer, PHI-660 spectrometer equipped with Auger micro probe. Energy-dispersive X-ray Analysis (EDX) was performed on SEM SUPRA-55WDS (Zeiss). Figure 1 shows the SEM image and the Auger spectrum of the obtained hybrid nanostructure, consisting of an array of vertically aligned CNTs and a self-organised planar layer located on the top of the array. From the SEM image of the nanostructure (Figure 1(a) ), the height of nanostructure is estimated to be ~2.3 µm. Despite the long synthesis process (T =60 min), CNTs are relatively short because of the small injection rate of the reaction mixture, which is crucial for the formation of the planar layers [3] . It is shown in the Auger spectroscopy (Figure 1(b) ) that planar layer mainly consists of carbon with negligible amount of Fe and Ar atoms, which come from the catalyst and carrier gas, respectively. The elements mapping by EDX (Figure 2(a) ) shows that the whole nanostructure (both CNT array and planar layer) has a homogenous colour (green), which demonstrates the same elemental composition, while the Si/SiO 2 substrate is in a darker green colour. EDX spectrum (Figure 2(b) ) showing strong C signal testified that the nanostructure represents all-carbon structure. The strong Si peak belongs to the Si/SiO 2 substrate. O peak (red droplets in Figure 2(a) ) belongs to the silicon dioxide substrate and trace of Fe (blue droplets in Figure 2(a) ) is due to the catalyst used. The SEM images of the nanostructure at different aspect angles and magnifications are presented in Figure 3 . The planar layer is composite of layer-built structure (in Figure 3(a) ), referred as 'graphene multi-layer' [2] . We would consider this layer as planar graphene multi-layer (PGL) and hybrid nanostructure with CNTs as CNTs-PGL nanostructure. It should be noted that the surface of this layer is considered rough in the nanometre-scale. This roughness is caused by the catalyst nanoparticles, which, as predicted by the growth mechanism, were deposited on the surface of each graphene layer of the growing PGL. From Figure 3(b) , it can be seen that CNTs are connected to PGL through the catalyst nanoparticles (dark spots) and testifies that the growth of CNTs is by tip-growth mechanism. The diameter of CNTs varies with 10-25 nm. The CNT-PGL nanostructure presents a uniform height and a plane-parallel surface of PGL (Figure 4(a) ), which can be useful for numerous applications in microelectronics and MEMS, providing good electrical and thermal contact to various materials. The thickness of the planar layer is estimated to be about 35 nm from Figure 4 (b). High resolution TEM and high speed Fourier method show the distance between layers was 0.37 nm. Correspondingly, the number of graphene planes was about 95. The topography of PGL was measured with AFM as shown in Figure 5 . It was calculated that the mean roughness (Ra) of the surface of PGL was 13.73 nm over an area of 25 µm 2 . This size is close to the size of nanoclusters (Figure 3(b) ) which were deposited on the surface of each graphene layer of the growing PGL. Figure 6 shows a portion of PGL, mechanically detached from CNT array and broken into the strips. The strips of PGLs and the opposite side with CNTs attached are shown in Figure 6 (a) and (b), respectively. The attachment of the CNTs confirms that CNTs grow simultaneously both via root-growth mechanism (attached to the substrate) and tip-growth mechanism (attached to the planar layer). The existence of CNTs on the surface of graphene layer even after mechanical detaching the PGL from CNT array testified the strong bonding between PGL and CNTs.
Results and discussion
The morphology and structure of the CNT-PGL junction, which can give information on the growth mechanism of the nanostructure, attract particular interest. A part of the CNT from the array attached to the graphene layer is presented in Figure 7 (a). It can be observed that CNTs with the open ends are connected to PGL by the other end through catalyst (tip-growth from substrate). In Figure 7 (b) CNTs scratched from the substrate after mechanical detachment of PGL from CNT array (Figure 6(b) ) are presented.
The ends of CNTs connected to substrate are observed. It can be seen that catalyst nanoparticles are located at the ends of CNTs, which confirms the root-growth from substrate. It is evident that the density of CNTs connected to PGL is much lower than connected to substrate. Figure 7 (c) represents a spot at the junction containing mostly catalyst nanoparticles at the surface of the planar layer and some disordered CNTs. The diameters of the nanoparticles are around 50 nm. The thorough investigation of the CNT-PGL junction had been performed by the HRTEM. In particular, main components of the junction, including the catalyst nanoparticles, the CNTs on the surface of planar layer and the planar layer itself, have been investigated separately. The HRTEM images of the catalyst nanoparticles are presented in Figure 8 . From Figure 8 (a), it can be observed that the catalyst nanoparticles with different shapes and sizes ranging from 20 nm to 50 nm in diameter. The nanoparticles have different brightness. The high brightness indicates that the nanoparticles are located just at the surface of the planar layer, while the low brightness means the nanoparticles are located between the graphene layers as it was predicted by the growth mechanism. These catalyst nanoparticles show a highly crystalline structure (Figure 8(b) ). With Fourier transformation, the interplane distance of the nanoparticles is calculated to be 4.53 Å, which is close to that of the carbide Fe 3 C (4.524 Å).
Various structures of CNTs are presented in Figure 9 . It can be seen that CNTs and the planar layers are connected with the catalyst nanoparticles (Figure 9(a) ). Obviously, these CNTs are multi-walls, and their diameters are about 20 nm (Figure 9(b) and (c)). In Figure 10 , HRTEM images of the planar layer are presented. In Figure 10 (a), the image of planar layer made by the electron beam perpendicular to the layer is presented. At this particular spot of the layer, it is clearly visible that the disordered flakes of multilayer graphene with the sizes of some tens of nanometres overlapping each other. Figure 10 (b) shows another magnification spot. The solid rings of the electron diffraction pattern (the insert of Figure 10 (b)) indicated the polycrystalline structure of multilayer graphene with their small grain size. Raman spectroscopy was performed on the CNT-PGL. In this specimen, the height of CNT-PGL nanostructure varies along the sample and decreases gradually from 7.5 µm to flat where no CNT is left. This would allow us to observe the Raman spectra of CNT-PGL nanostructure in a whole and as well as the PGL alone. Raman spectra of two analysed area indicated in Figure 11 (a) (white enclosed areas) are presented in Figure 11 (b). The intensity is generally higher for the area containing both CNTs and PGL. The ratio of IG/ID for CNT-PGL is found to be 1.25 and PGL alone is 1.18. This means that the structure of PGLs for both is relatively similar, despite one was synthesised on top of CNT arrays instead of SiO 2 surface. The IG/ID ratio can be related to the in-plane crystallite size La, which, according to the relationship La (nm) = 4.4 (IG/ID) [7] , while single layered PGL is equal to ~5.2 nm. 
Conclusion
A carbon nanostructure composed of an array of vertically aligned CNTs and a self-organised planar graphene multi-layer located at the top of the array have been obtained by floating catalyst CVD method. The growth mechanism was discussed here. The main components of CNT-PGL junction, the catalyst nanoparticles, the CNTs on the surface of the planar layer and the planar layer itself have been investigated separately. The catalyst nanoparticles have different shapes and sizes ranging from 20 nm to 50 nm in diameter and highly crystalline structure with the interplanar distance indicating Fe carbide (Fe 3 C). There are various CNTs structures and combinations of CNTs connected to the planar layer. A planar layer represents the disordered flakes of multi-layer graphene with the sizes of some nanometres, randomly oriented under different angles to the substrate and overlapping each other. The CNT-PGL nanostructures are expected to have unique electro-physical properties and therefore are likely to find many applications in nanoelectronics, nanophotonics and nanoelectromechanics.
